Collision-related Quaternary mafic volcanism to the north of Lake Van (Eastern Anatolia, Turkey) occurred by eruptions from both volcanic centres and extensional fissures trending approximately north-south. We report new major, trace and rare earth element abundances, Sr-Nd-Pb isotope ratios and K-Ar ages for basaltic and more evolved hawaiitic and mugearitic lava flows. The new K-Ar ages indicate that magmatic activity occurred between 1Á0 and 0Á4 Ma. The volcanic products consist of mildly alkaline lavas, ranging in composition from basalt to hawaiite and mugearite. Energy-constrained assimilation and fractional crystallization (EC-AFC) model calculations suggest that the least evolved basaltic samples were unaffected by the combined effects of fractional crystallization and crustal contamination processes, in contrast to the more evolved hawaiitic and mugearitic lavas, which have experienced up to 2-3% crustal assimilation. Calculations based on crustal temperatures and Curie point depths indicate that the magma chamber, from which the basic to evolved lavas were derived, might be located at a depth of around 6-8 km, within the upper crust. Enrichment of large ion lithophile elements and light rare earth elements relative to high strength field elements, and higher Nd of the least evolved basaltic samples indicate that the mantle source region of the Quaternary mafic magmas might have been enriched by melts that were derived from subducted sediments with a partial melting degree of around 10% rather than from Altered Oceanic Crust melts and fluids. Our model melting calculations show that the basaltic melts might have been produced by melting of a mantle source containing both amphibole and garnet with a partial melting degree of $3%. Results of our petrological models indicate that a metasomatized mantle source, which was infiltrated by a mixture of 93% mantle melt and 7% sediment melt plus 0Á01% residual rutile, added to mantle melt, could have been the source composition of the basaltic melts that produced the Quaternary mafic volcanism.
INTRODUCTION
The Late Cenozoic volcanism covers a large area across the Turkish-Iranian Plateau between Western Anatolia in Turkey and southwestern Russia (Fig. 1) . It extends across a number of neighbouring countries including Turkey, Georgia, Armenia, Iran, Azerbaijan and Russia (Pearce et al., 1990; Keskin et al., 1998; Keskin, 2003 Keskin, , 2007 Lebedev et al., 2007 Lebedev et al., , 2010b Lebedev et al., , 2016a Allen & Armstrong, 2008; Van Hunen & Allen, 2011; Allen et al., 2013; Neill et al., 2013 Neill et al., , 2015 Ö zdemir & Gü lec¸, 2014; Oyan et al., 2016) . The Plateau was proposed to have been formed by the northsouth compression caused by continental collision between the Eurasian and Arabian plates, following the closure of the southern branch of the Tethyan Ocean by northward subduction (S¸engö r & Kidd, 1979) . The East Anatolia Region (EAR) is located on the western part of the TurkishIranian Plateau (Fig. 1) . As a result of the compressional regime, folds with east-west-striking hinges, as well as reverse and strike-slip faults, have been developed since the Miocene (Yılmaz et al., 1987) . Recent studies have revealed that the last oceanic lithosphere in the EAR was completely consumed by $20 Ma (e.g. fission-track ages by Okay et al., 2010) . Post-collisional volcanic activity in the region started $15 Myr ago (Middle Miocene) in the central part of the region (Lebedev et al., 2010b) , following continent-continent collision between the Arabian and Eurasia plates, and continued up to historical times (Pearce et al., 1990; Keskin, 2003; Oyan, 2011; Keskin et al., 2013; Ö zdemir & Gü lec¸, 2014) . It still represents a significant threat to the surrounding populations (Ö zdemir et al., 2016) . Results from our recent studies (Keskin et al., 1998 (Keskin et al., , 2013 Lebedev et al., 2010b Lebedev et al., , 2016a Oyan, 2011; Oyan et al., 2016) and literature data (Pearce et al., 1990; Ö zdemir, 2011; Allen et al., 2013; Neill et al., 2013 Neill et al., , 2015 ; Ö zdemir & Gü lec¸, 2014) on the Turkish-Iranian Plateau indicate that collision-related volcanic activity peaked during the Pliocene and decreased in productivity throughout the Quaternary.
Post-collisional Late Cenozoic volcanism in the EAR crops out in a wide zone from the Erzurum-Kars Plateau in the NE to the Karacada g volcanic area in the south. Tectonic, geophysical and numerical modelling studies (Koc¸yi git et al., 2001; Gö gü s¸& Pysklywec, 2008) suggest that the tectonic regime in the EAR changed from compressional to extensional and/or transtensional during the Early to Late Pliocene. The products of the postcollisional volcanism in the EAR erupted either from large volcanic centres such as A grı, A gırkaya, Tendü rek, Etrü sk, Sü phan and Nemrut or along extensional fissures, forming large volcanic plateaux (Fig. 2a ). Many researchers have proposed different geodynamic models for the EAR and different sources for the volcanism in the region (Innocenti et al., 1982; Pearce et al., 1990; Keskin et al., 1998 Keskin et al., , 2006 Yılmaz et al., 1998; Keskin, 2003 Keskin, , 2007 S¸engö r et al., 2003 . The two most consistent models among these are (1) lithospheric delamination (Pearce et al. 1990; Keskin, 1994; Keskin et al., 1998 Keskin et al., , 2006 and (2) slab break-off (Keskin, 2003 (Keskin, , 2007 S¸engö r et al., 2003 . To explain the widespread volcanism in the region, Ö zdemir & Gü lec¸ (2014) and Oyan et al. (2016) suggested that magma generation might have been related to the mixing of melts derived from both lithospheric mantle and asthenospheric mantle sources owing to the loss of a large volume of lithospheric mantle (lithospheric delamination). However, these findings do not invalidate the slabsteepening and breakoff model of Keskin (2003 Keskin ( , 2007 and S¸engö r et al. (2003, 2008) . As discussed by Keskin (2007, and references therein) , the presence of thin lithospheric mantle beneath the region can also be explained by rapid cooling of the asthenospheric mantle in contact with the overlying cooler crust after a slab-steepening event (Angus et al., 2006; Keskin, 2007) . As discussed above, there is still no consensus among researchers concerning the genesis and geodynamic setting of the Quaternary volcanism across the region. Therefore, results of this petrological study on mildly alkaline basaltic volcanic units to the north of Lake Van may provide important clues for a better understanding of the geodynamic and petrogenetic processes during the Quaternary period in this part of the region.
Quaternary mafic volcanic rocks to the north of Lake Van overlie the Middle Miocene Alada g and the Late Miocene A gırkaya volcanic sequences, the Pliocene Etrü sk volcanic rocks, and sedimentary units including the Adilcevaz limestone, sandstones of the Yö reli formation and Pliocene-Miocene alluvium (Fig. 2) . The Quaternary basaltic lavas erupted from small-volume eruption centres and span a compositional range from basalt to hawaiite. Although the geochemistry, mineral chemistry and magma plumbing systems of Quaternary volcanic centres such as Nemrut and Sü phan to the SW of Lake Van have been studied in detail (e.g. Fig. 1 . Map of the Turkish-Iranian Plateau and location of the study area (dashed rectangle). Volcanic cones and centres (triangles) are taken from Notsu et al. (1995) , Lebedev et al. (2007 Lebedev et al. ( , 2010a , Allen et al. (2013) , Neill et al. (2013 Neill et al. ( , 2015 , Kaislaniemi et al. (2014) and Oyan et al. (2016) . Ö zdemir et al., 2006; Sumita & Schmincke, 2013a , 2013b Ö zdemir & Gü lec¸, 2014; Schmincke et al. 2014; Macdonald et al., 2015) , no geochemical and petrological data exist in the literature for the Quaternary mafic volcanism to the NE of Lake Van. In this study, our aims are as follows: (1) to present new geochronological, petrological, geochemical and isotopic data for samples from the north of Lake Van; (2) to discuss the mineralogical and chemical characteristics of the mantle source region, as well as its degree of partial melting obtained from petrological modeling studies; (3) to interpret magma chamber processes such as fractional crystallization and crustal contamination, on the basis of the results of our petrological models; (4) to discuss the importance of these findings to shed light on the geodynamic evolution of the region.
ANALYTICAL TECHNIQUES
We studied thin sections of our samples using a polarized microscope, with the aim of determining the mineralogy and the degree of alteration of each sample. We specifically selected the most representative and freshest 30 samples from various stratigraphic levels of the volcanic succession for analytical work. First, we cut the weathered surfaces using a diamond saw, and then crushed the fresh parts with a jaw crusher. Subsequently, we ground them in an agate ball mill to produce powders of each sample.
Major and trace elements
Major element analyses of 30 samples were measured by inductively coupled plasma emission spectrometry (ICP-ES) using lithium metaborate/tetraborate fusion and nitric acid digestion methods at the ACME Labs of Vancouver, Canada. The major element detection limits are about 0Á001-0Á04%. Loss on ignition (LOI) was determined by igniting the sample splits then measuring the weight losses. For trace and rare earth element analysis, 0Á2 g sample was mixed with LiBO 2 /Li 2 B 4 O 7 flux in a graphite crucible. The prepared crucibles were fused in a furnace. The molten sample was then dissolved in 5% HNO 3 and was analysed in the same laboratory by inductively coupled plasma mass spectrometry (ICP-MS). To ensure the data quality of the major element and trace element analyses, a set of USGS standards (W-2A, GSP-2, BCR-2) and an intralab standard (Reference Material STD-SO-18) were analysed together with the samples. Standard STD-SO-18 gave relative standard deviations of 6% or better for all trace and rare earth elements. The geochemical results and analyses of the geostandards are given in Supplementary Data Appendix 1 (supplementary data are available for downloading at http://www.petrology.oxfordjournals. org).
K-Ar age dating
The K-Ar age dating of 12 samples (Table 1) Ar as a spike on an MI-1201 IG mass spectrometer (SELMI). For spike calibration, we used three international standards: one amphibole (MMhb-1) and two muscovites . The correctness of the analyses was controlled by systematic determination of the radiogenic 40 Ar content in international (Bern-4M, muscovite P-207) and intra-laboratory standards, and also by measurements of the isotope composition of atmospheric argon. The potassium content in the samples was determined by the flame-photometry method using an FPA-01 spectrometer (ELAM-Center, Russia). Further details have been given by Chernyshev et al. (2006) . Nd spikes, which were added to the samples immediately before their chemical decomposition. Groundmass material (0Á05-0Á1 g) was dissolved in an HF þ HNO 3 mixture under atmospheric pressure and at a temperature of 110 C. Rb, Sr, Sm, and Nd were separated from other elements in the groundmass using a two-step chromatographic technique. In the first stage, the fractions of Rb, Sr, and rare earth elements (REE) were obtained. The extraction of the elements was carried out in 2Á4M HCl, using an ion-exchange column filled with 3 ml of BioRad W50x8 (200-400 mesh) resin. Subsequent chromatographic separation of Nd and Sm from the other REE was achieved during a second stage in 0Á15N HCl, using an ion-exchange column filled with 0Á5 ml of HDEHPcoated Kel-F granules. Measurements of Sr and Nd isotopic composition and Rb, Sr, Sm and Nd contents in the groundmass samples therein were carried out by Nd ¼ 0Á511860 6 8 (62SD, n ¼ 20)]. The background laboratory levels of the analyzed elements were Sr < 0Á1 ng, Nd < 0Á1 ng.
Sr-Nd isotopes

Pb isotopes
A high-precision multicollector (MC)-ICP-MS method was used for the analysis of the Pb isotope compositions of eight samples (Table 2 ). The groundmass of the rocks was used for this analysis. The analysis of Pb isotope composition was carried out using a Neptune mass spectrometer (Thermo Scientific, Germany) in the Isotope Laboratory of IGEM-RAS, Moscow, using the approach described in detail by Chernyshev et al. (2007) . Pb extraction for subsequent mass spectrometric analysis after decomposition of the sample (10-15 mg) in an HF þ HNO 3 mixture was carried out in an HBr medium on chromatographic columns with anionite Bio-Rad AG 1x8. The total level of the Pb blank for the whole chemical procedure was controlled by isotope dilution and did not exceed 0Á15 ng. Before isotope analysis the Pb solutions (3% HNO 3 ) were preliminarily traced using Tl with a known 205 Tl/ 203 Tl ratio. The sample solution was introduced into the torch of the mass spectrometer using a quartz spray chamber (wet plasma mode Pb ¼ 38Á737 6 12; n ¼ 10). The total error (62SD) of analysis for Pb was within 60Á04% .
Oxygen isotopes
Oxygen isotope analyses of eight samples (Table 2) were carried out at the laboratories of GNS Science National Isotope Centre, New Zealand. Oxygen was extracted from sample powders for isotope analyses, using a CO 2 laser and BrF 5 (Sharp, 1990) . Oxygen isotope values are reported in the familiar d
18
O notation, relative to VSMOW. The samples were normalized to the international quartz standard NBS-28 using a value of þ 9Á6&. Values for NBS-28 analysed for four times with the samples varied by less than 0Á15&. The samples and standards were heated overnight to 150 C prior to loading into the vacuum extraction line. These were then evacuated for $6 h. Blank BrF 5 runs were done until the yield was less than 0Á2 lmol oxygen. Oxygen yields were recorded. All the results are reported with respect to VPDB, normalized to an internal standard GNS Marble with a reported value of -6Á40& for d
18 O.
RESULTS
Geology and K-Ar dating
To the north of Lake Van, the Quaternary mafic volcanic products sit almost on the culmination of the 'Lake Van dome', a structure that forms the vertex of the Eastern Turkish high plateau (S¸engö r et al., 2008) . This volcanism erupted not only from centres such as the Girekol small shield volcano, but also from extensional fractures such as Yü ksektepe, Ormuktepe and others. Our K-Ar isotope dating results indicate that all the studied basaltic lavas to the north of Lake Van were erupted between Later Calabrian and Middle Pleistocene times (1Á0-0Á4 Ma), a period that is in a good agreement with our earlier published results for the same region (Lebedev et al., 2010b) . Our geochronological data allow us to recognize three discrete pulses (phases) of mafic volcanic activity within the region: I, 1Á0-0Á7 Ma; II, $0Á6 Ma; III, $0Á4 Ma (Table 1) .
Phase I volcanism
During the first phase (i.e. around 1Á0-0Á7 Ma), the fissure eruption centres of Ormuktepe located to north of the Girekol volcano and Yü ksektepe situated to the west of the Pliocene Etrü sk volcano were active (Fig. 2) . All the volcanic rocks erupted from these two vents are basaltic in composition (Fig. 3) . The basaltic lavas that erupted from the Ormuktepe fissure eruption centres extend in a sub-latitudinal direction (i.e. nearly eastwest), covering an area of $15 km 2 . They unconformably overlie the Late Miocene A gırkaya ignimbrites and are overlain by an $50 m thick basaltic and hawaiitic lava sequence erupted from the Girekol shield volcano. The Yü ksektepe basaltic lava flows were erupted along the extensional fissures, marked by a small ridge (the Yü ksektepe Hills), extending in a north-south direction.
The aforementioned lavas created a small plateau (around 35 km 2 ), extending along the northern coast of Lake Van (i.e. the Yü ksektepe first-stage basalt in Fig. 2 ).
There is a maar of the same age, named by us the Geyikc¸ukuru maar, located to the SE of the Yü ksektepe Hills in the eastern part of the plateau. Basaltic lavas of the Yü ksektepe volcano unconformably overlie trachytic, latitic and rhyolitic lavas erupted from the Pliocene Etrü sk volcano in many places .
Phase II volcanism
The second phase ($0Á6 Ma) was probably the most productive of the three phases in terms of the volume of magma erupted in the area studied. The largest active volcanic vent during this time period was a fissure eruption from a centre located $8 km to the north of the modern town of Ercis¸, where the future Girekol shield volcano would be formed during the third magmatic phase. The earliest products of the Girekol volcano are basaltic lavas. They spread in all directions from the central vent, covering an area of $70 km 2 , forming a small basaltic lava plateau. It should be noted that there are a few small eruption centres that were also active during the second phase. We have isotopically dated three of these volcanic vents. One is the C¸olpan Hill, located on the southeastern coast of Lake Van in the vicinity of C¸olpan village (Fig. 2) . This vent produced a very small volume of basaltic lava, covering less than 1 km 2 . The activity of the second vent, called the Karavul vent, which is located near the present-day Gü llü c¸imen village on the northern slope of the Etrü sk volcano, created a small lava flow with a mugearitic composition (Fig. 2) . The third volcanic vent is located in the Kö mü r River valley north of the Girekol volcano (Fig. 2) . It generated a lava flow with mugearitic composition, incised along the valley. At present, the terminal part of this lava flow is observed as a series of small remnants aligned along the base of the valley near Sabunbü ken village in the Kö mü r gorge.
Phase III volcanism
The latest phase (phase III) was marked by the activity of the Girekol, Karnıyarıktepe and Yü ksektepe volcanoes around 400 ka. In morphological terms, the present-day Girekol volcano can be classified as a small shield volcano because it has gentle slopes (less than 20 ) and its diameter is less than $8 km. It has an elevation of 243 m (relative to the surrounding plateau) and a single summit crater with a diameter of $600 m. The cone was formed by eruptions of hawaiitic lava flows, which spread mainly west and east from the vent (Fig. 2) . Lavas erupted during the third phase, which produced the shield volcano, partly overlie the basaltic plateau, which was formed by the eruptions from the former Girekol vent during the second phase. The hawaiites of the third phase differ petrographically from the earlier basalts by the presence of extraordinarily large, abundant plagioclase megacrysts (up to 2 cm). These megacrysts give the rock a distinct texture in hand specimen and in outcrop.
Another active volcanic vent during the third magmatic phase was the Karnıyarıktepe scoria cone located in the eastern part of the Yü ksektepe lava plateau. This produced a small hawaiitic lava flow around 0Á4 Ma, which extended to a distance of around 1 km to the SW. It is basically composed of hawaiites (i.e. the Karnıyarıktepe hawaiite in Fig. 2 ). Simultaneously, a small basaltic lava flow was erupted from a small cone in the southern part of the Yü ksektepe ridge, located almost 1 km west of the Karnıyarıktepe scoria cone. The basaltic lavas from that cone flowed to the SW and reached the coast of Lake Van, crossing a distance of $2 km (i.e. the Yü ksektepe second-stage basalt in Fig. 2 , $0Á4 Ma).
Our geochronological data allow us to conclude that the Quaternary mafic volcanism to the north of Lake Van developed in a 600 kyr period between the Late Calabrian and Middle Pleistocene (i.e. between 1Á0 and 0Á4 Ma). The volcanic products erupted during the first phase of activity are exclusively represented by basalts. Basalts and mugearites dominated the volcanic products of the second magmatic phase, whereas hawaiites and subordinate basalts were erupted during the third phase.
PETROGRAPHY
The Ormuktepe basalts contain olivine, plagioclase, augite and titanaugite crystals set in a glassy groundmass, with intersertal and sub-ophitic textures. Plagioclase microlites are abundant among the phenocrysts and are intergrown with titanaugite. The coexistence and mutual relationships of plagioclase and augite crystals make up the sub-ophitic texture. There are also abundant anhedral-subhedral olivine phenocrysts and microphenocrysts and fine disseminated opaque minerals.
Yü ksektepe basalts (phases I and II) consist of olivine, plagioclase and augite crystals. Large, sporadic, exotic, K-feldspar megacrysts (fresh and without any inclusions) are enclosed in a holocrystalline groundmass consisting of plagioclase microlites in various sizes. These are accompanied by interstitial olivine microphenocrysts and titanaugite intergrowths displaying purplish-brown pleochroism. Microphenocrysts of opaque minerals are disseminated within a dark glassy groundmass. The groundmass contains flow-oriented plagioclase microlites, forming a trachytic texture.
The Girekol early stage basalts and late-stage hawaiities consist mainly of olivine, plagioclase and titanaugite crystals. The groundmass in these lavas contains microcrystals of the same mineral assemblage and displays porphyritic, glomeroporphyritic and subophitic textures. The plagioclase phenocrysts of the late-stage hawaiities are more irregular than those of the early stage basalts.
The mineralogy of the Karnıyarıktepe hawaiitic lavas is similar to that of the Yü ksektepe basaltic lavas, but there are textural differences between them. The Karnıyarıktepe hawaiitic lavas are finer-grained than the Yü ksektepe basaltic lavas and display intersertal, porphyritic, trachytic and vesicular textures.
Small-volume basaltic eruptions include rare, very large subhedral K-feldspar (sanidine) xenocrysts, set in a groundmass consisting of plagioclase microlites (with typical albite twining), some of which are surrounded by clinopyroxene with a characteristic deep purplishbrown pleochroism (representative of titanaugite). Olivine is also abundant, mostly as microphenocrysts. These lavas contain abundant microcrystals of opaque minerals. Iddingsitization of olivine is the major type of alteration observed in some of these Quaternary mildly alkaline basaltic lavas to the north of Lake Van.
Although a number of crystal textures (e.g. glass inclusions, resorbed rims and zoning) reflecting magma mixing are absent in the late-stage Girekol lavas, the presence of megacrystals of plagioclase and K-feldspar (sanidine and anorthoclase) and glomeroporphyritic textures in these lavas nevertheless implies minor effects of magma mixing. Photographs of thin sections and their explanations are given in Supplementary Data Appendix 2.
WHOLE-ROCK GEOCHEMISTRY
Major elements
The SiO 2 contents of the studied samples span a narrow range from 47Á1 to 53Á3 wt %. Mg# varies between 0Á51 and 0Á65 [Mg# ¼ 100 Mg 2þ /(Mg 2þ þ Fe 2þ ); Mg# values were calculated on an anhydrous basis adjusted to 100%, using the Fe 2 O 3 /FeO ratio calculated after Middlemost (1989) ]. The majority of the samples are classified as basalt and hawaiite, except for two samples plotting in the mugearite field ( Fig. 3a) , in the total alkalis vs silica classification scheme of Le Bas et al. (1986) . All the samples are mildly alkaline in character and are classified as Na-Series on the Na 2 O vs K 2 O diagram of Middlemost (1975) (Fig. 3b) . Variation diagrams for the major element oxides versus MgO are presented in Fig contents and Mg numbers, on the other hand, represent more evolved magmas possibly differentiated from the basaltic magmas.
Trace elements
Selected trace elements in the Quaternary basalts, hawaiites and mugearites are plotted versus MgO content in Fig. 5 display more enrichment in LREE and a slight enrichment in MREE and HREE with respect to the least evolved basaltic lavas. None of the REE patterns of the least evolved basaltic lavas has an apparent negative Eu anomaly (Eu/Eu* ¼ 0Á99-1Á00), whereas the evolved hawaiitic and mugearitic lavas have a slight negative Eu anomaly (Eu/Eu* ¼ 0Á87-0Á92). The primitive mantle (PM)-normalized incompatible trace element patterns of the lavas are shown in Fig. 6c and d. The patterns show a significant depletion in Nb and Ta relative to the adjacent large ion lithophile elements (LILE; from K to Th) and LREE (La and Ce), suggesting the presence of a subduction (and/or crustal assimilation) signature. The average concentrations of Sr, Rb, Ba, Th, K, La and Ce are higher in the evolved lavas (i.e. hawaiiitic samples of the Girekol volcano erupted during the third phase, the Karnıyarıktepe lavas and also in the lavas of the small-volume basaltic eruption centres) relative to those of the least evolved basaltic samples (i.e. lavas erupted from the Girekol volcano during the second phase, and lavas of the Ormuktepe and Yü ksektepe fields). It should be noted that the average enrichments of the high field strength elements (HFSE; Ta, Zr and Ti) are similar in all samples.
Sr, Nd, Pb and O isotopes
Sr-Nd-Pb and d
18 O isotopic data are reported in Table 2 and shown in Fig. 7 Pb vary within narrow ranges of 0Á51276-0Á51292, 18Á941-18Á978, 15Á638-15Á672, and 38Á902-39Á043, respectively.
The Sr-Nd-Pb isotopic composition of Global Subducted Sediment (GLOSS; Plank & Langmuir, 1998; Plank, 2014) and previously published isotopic data from Eastern Anatolia and the Arabian plate are plotted on the Sr-Nd and Pb-Pb diagrams for comparison (Fig. 7) . Nd (i) values are high, plotting in the depleted quadrant relative to Bulk Earth in the Sr-Nd isotope diagrams (Fig. 7a) . In contrast, the more evolved hawaiitic samples with more radiogenic Sr and less radiogenic Nd isotope ratios plot in the enriched quadrant in Fig. 7a . In plots of Pb ( Fig. 7b and c) , all of the samples plot above the field for depleted mid-ocean ridge basalt (MORB) mantle (DMM; Workman & Hart, 2005) and the Northern Hemisphere Reference Line (NHRL; Hart, 1984) . In contrast, all of the data plot within the GLOSS field in Pb-Pb isotope diagrams. The SMOW-normalized d Sr (i) from basalts to hawaiites (Fig. 7d) . The LOI values of the samples analysed for their O isotopic ratios vary between -0Á5 and 1. These values indicate that the lava samples from the Girekol volcano have not been considerably affected by weathering, therefore the O isotopic ratios should not have been significantly modified by secondary processes.
DISCUSSION
Fractional crystallization
The transition elements Co, Ni and Cr (not shown) display a positive correlation with decreasing MgO from basalts to hawaiite and mugearite, indicating that the removal of olivine and clinopyroxene was an important process during magma ascent and crystal fractionation. The increase in SiO 2 and CaO with decreasing MgO from basalts to more evolved hawaiitic and mugearitic lavas is consistent with olivine and clinopyroxene fractionation at crustal levels. The positive Sr anomalies [average Sr/Sr* ¼ 1Á45; Sr/Sr* ¼ Sr N /(Pr N Â P N ) 1/2 ] and the lack of Eu anomalies [average Eu/Eu* ¼ 1Á00; Eu/ Eu* ¼ Eu N /(Sm N Â Gd N ) 1/2 ] indicate that low-pressure plagioclase fractionation did not play a major role in the petrogenesis of the least evolved basalts (MgO > 6Á5 %), in contrast to the negative Sr (average Sr/Sr* ¼ 0Á82) and Eu (average Eu/Eu* ¼ 0Á89) anomalies in more evolved hawaiitic and mugearitic samples (MgO < 4Á7 %). This observation suggests that plagioclase was the dominant liquidus phase (phenocryst) as well as olivine Oyan et al. (2016) and Lebedev et al. (2016b) . GLOSS field is from Plank & Langmuir (1998) and Plank (2014) . The field for Karacada g has been produced on the basis of data from Lustrino et al. (2010) and Keskin et al. (2012) . Fields for the Arabian plate, Israel, Jordan and Afar plume are from Volker et al. (1993) , Krienitz et al. (2006) and Lustrino & Wilson (2007) . Fields for the Armenian and Iranian volcanic rocks are from Neill et al. (2013 Neill et al. ( , 2015 and Allen et al. (2013) , respectively. Georgian and Russian fields are from Lebedev et al. (2007 Lebedev et al. ( , 2010a . and clinopyroxene in the evolved lavas. These features are consistent with the petrography of the more evolved Late Stage hawaiitic Girekol lavas, which contain abundant plagioclase megacrysts. In contrast, most of the least evolved basaltic samples do not contain such feldspar megacrysts. Instead, they predominantly contain phenocrysts of olivine and clinopyroxene. In addition, negative correlations of Nb and Y elements versus MgO (Fig. 4) suggest the absence of biotite and amphibole fractionation during magma ascent.
To examine the effect of fractional crystallization, we constructed MELTS models using the major oxide contents. The MELTS code of Ghiorso & Sack (1995) allows external parameters (e.g. temperature, pressure, oxygen fugacity) to be taken into consideration and provides important clues about the physicochemical conditions of magma storage. We modelled the composition of the residual liquid and the cumulate minerals (Fig. 8) based on major oxide analyses of the studied samples using the MELTS code. We used the least evolved sample (07VAN-E9) as the starting composition in an isenthalpic model. We tested different conditions [P ¼ 2Á5-5 kbar; H 2 O ¼ 0Á5-1Á5% and fO 2 ¼ QFM (quartz-fayalite-magnetite system)]. The model curves produced by the MELTS algorithm range in temperature from 1280 to 980 C, as shown in Fig. 8 . The best match between the modelled and observed differentiation trends for the studied samples was obtained via fractional crystallization under 2Á5-3 kbar pressure, 0-1 % H 2 O and QFM (Fig. 8a and b) . The fractionated mineral phases obtained by MELTS under these physicochemical conditions are similar to the observed mineralogy in basaltic and evolved hawaiitic and mugearitic lavas. The best-fit fractionation model values (i.e. P ¼ 3 kbar, 1% H 2 O, fO 2 ¼ QFM) suggest that 77Á5% fractional crystallization of a mineral assemblage consisting of olivine ($11 wt %), clinopyroxene ($24 wt %), plagioclase ($36 wt %), spinel ($6 wt %) and apatite ($0Á5 wt %) would theoretically be required to produce lavas similar in composition to those of the Girekol volcano ( Fig. 8c and d) .
Crustal contamination
Basaltic, hawaiitic and mugearitic lavas have higher Sr and Pb and lower Nd isotopic ratios relative to normal asthenospheric mantle ( (Fig. 7) , the samples display a positive correlation, indicating the presence of magmatic differentiation at crustal levels possibly caused by the contamination of parental basaltic melts by crustal lithologies. The negative correlation of 208 Pb/ 204 Pb vs MgO (Fig. 9a) and positive correlation of eNd vs MgO (Fig. 9b) indicate that crustal assimilation coupled with fractional crystallization (AFC) could be an important process in the magmatic evolution of the evolved hawaiitic and mugearitic lavas.
To define the degree of crustal contamination in the petrogenesis of the evolved magmas, we used the formulations of and in our petrological models. It should be noted that petrological models based on the energyconstrained assimilation and fractional crystallization (EC-AFC) formulations of and incorporate a number of thermal variables (e.g. partial melting of the crust and heat transfer from the magma to the crust) in the calculations and provide important clues about the physicochemical conditions. As discussed by , such parameters play an essential role in crustal assimilation.
Our EC-AFC model curves generated by using the systematics of Fig. 9 (Fig. 9b) Table 2 ). We also modeled EC-AFC curves for the lower crustal end-member compositions of Taylor & McLennan (1985) , which are shown in the diagrams in Fig. 9 for comparison.
To obtain the best-fit curves on the EC-AFC diagrams, we selected initial temperatures of the crust and magma in the ranges 300-600 C and 1100-1400 C, respectively. Then we conducted a series of EC-AFC models by adjusting the parameters until we obtained a curve that best fits the data points. Finally, we finished the test and determined the values of the thermal and compositional parameters listed in Table 3 . The results of our model show that the magmas were more likely to have been influenced by the upper crust rather than the lower crust, because the data points align along the modelled curves and there is a positive correlation between the assimilation and fractionation rates. The model indicates that crustal involvement (Ma*) in the petrogenesis of the basaltic samples was negligible, in contrast to the more evolved samples (i.e. hawaiitic and mugearitic lavas), which display moderate assimilation rates (i.e. up to 3%).
Sub-volcanic plumbing system
Both the EC-AFC model results and the trends in the major element variation diagrams imply that the magmas that fed the Quaternary volcanism to the NE of Lake Van were probably emplaced and experienced fractional crystallization at the upper crustal levels. In the light of the data used with EC-AFC model parameters, the assimilant initial temperature was calculated to be 300 C. It should be noted that this value represents the temperature of the wall-rocks adjacent to magma emplacement in the crust. Previous geophysical studies have revealed that the Curie point depth and heat flow to the north of Lake Van are $16 km and $86 mWm C at 14-16 km), we calculated the geothermal gradient for this part of the region as $34-36 C per km. Based on the initial temperature of the crust (300 C) and the calculated geothermal gradient (34-36 C), we calculated the depth of the inferred magma chambers of the Quaternary mafic volcanism to be around 6-8 km, in the upper crust.
Mineral chemistry studies have revealed that the magma chambers of nearby volcanoes might also have been located at upper crustal levels. For example, the magma chambers of the Nemrut and Sü phan volcanoes have been calculated to be located at < 10 km (Macdonald et al., 2015) and $3-8 km (Ö zdemir et al., 2011), respectively. In addition, the results of an EC-AFC . The thermodynamic parameters used in our EC-AFC modelling were taken from . Sr-Nd isotope ratios of the lower and upper continental crust are from Taylor & McLennan (1985) , whereas the oxygen isotope composition of the upper crust was taken from Harmon et al. (1981) . The starting composition of magma was taken as the least evolved sample 07VAN-E9. The bulk distribution coefficient values (D 0 ) were calculated based on the modal percentages of the minerals in that sample (i.e. 07VAN-E9: Plagioclase 0Á6 þ Clinopyroxene 0Á2 þ Olivine 0Á2 ). The partition coefficient (K d ) values were obtained from the Geochemical Earth Reference Model home page (http://www.earthref. org). The values in percentages on the modelled curves represent the percentage of the continental crust material assimilated by the magmas. The thermal and compositional parameters are given in Table 3 . (For further explanation, see the text.) model study on the lavas of the Sü phan volcano (Ö zdemir & Gü lec¸, 2014) constrained the temperature of the wall-rocks to $300 C. When the Curie point depth ($16 km) and the crustal temperature results obtained from the model studies are taken into consideration together, it becomes obvious that the magma chamber beneath the Sü phan volcano might have been located around 6-8 km depth. The calculated magma chamber depths obtained from mineral chemistry and the EC-AFC models are consistent with each other. These findings are also compatible with our calculated magma chamber depths obtained from our EC-AFC models.
The MELTS modelling results (Fig. 8) indicate that the magmas that fed the Quaternary mafic volcanism in our study area might be crystallized under $2Á5-3 kbar pressure, corresponding to 7-9 km depth. This result is consistent with the results of our EC-AFC modeling (assuming 1 kbar pressure corresponds to $3 km depth; Guo et al., 2005) . It should be noted that the reason why we assumed a geothermal gradient of around 34-36 C km -1 and the depth of the magma chamber at $6-8 km is because the Curie point depth may change in a parabolic fashion. It should be noted that the aeromagnetic anomalies, used in the calculation of the Curie point depths, do not vary in a linear fashion. Variations in the thickness of the crust, in the thickness and lithology of young volcanic rocks and in their mineralogy are the main parameters controlling such non-linear variations (Tanaka et al., 1999; Ravat et al., 2005) .
The nature of the mantle source region
In this section, we specifically focus on a number of issues involving the nature (i.e. mineralogy, chemistry) of the mantle source region(s), the various components involved in magma generation, and the depth and the degree of melting. As discussed in the whole-rock geochemistry section, all of the basaltic samples with MgO > 6Á5 wt % have Mg# ranging from 0Á63 to 0Á67. This indicates that the basalts are not primitive. To eliminate the possible effects of magma chamber processes, we conducted our modelling by using only the data from the least evolved samples, which show negligible crustal contamination and crystal fractionation. We assume that fractional crystallization and/or assimilation processes had negligible effects on REE, HFSE and LILE ratios in these least evolved lavas.
Enrichment of the mantle source region
Ocean island basalts (OIB) and MORB usually display enrichments in HFSE relative to LILE and LREE in their PM-normalized trace element patterns. However, the studied basaltic samples from the north of Lake Van are enriched in LILE and LREE with respect to HREE (Fig. 6c) (Fig. 10a) . Well-established mantle compositions such as Taylor & McLennan (1985) . O isotopic value of the upper crust is from Harmon et al. (1981) . Sun & McDonough, 1989) normalized LILE vs HFSE. AFC, assimilation combined with fractional crystallization curve. EMB, NMB, OIB, PM are from Sun & McDonough (1989) ; UC is from Taylor & McLennan (1985) ; GLOSS is from Plank & Langmuir (1998) and Plank (2014) . OIB, enriched MORB, Primitive Mantle, normal (N)-MORB and GLOSS (i.e. the average composition of global oceanic sediments) and the average composition of the upper crust (UC) are also plotted in this diagram for comparison. All of the basaltic samples (the least evolved) show deviations from the mantle array towards higher Th/Yb ratios, heading towards the GLOSS field. Most of the samples plot above the mantle array. The extrapolation of the trend seems to be towards the UC composition of Taylor & McLennan (1985) in a parabolic fashion. It should be noted that this parabolic trend can also be interpreted as an AFC trend. What these findings may indicate is that the studied basaltic samples might be derived from a mantle source, which had been enriched by a subduction component, whereas the evolved hawaiitic and mugearitic lavas could be explained by an AFC process.
To determine the nature and the degree of enrichment of the mantle source region, consideration of the behaviour of incompatible trace elements is useful. Negative Nb-Ta anomalies relative to LILE (Ba, Th) and LREE (La, Ce) imply an enrichment of the mantle source region by a subduction component. In contrast, the enrichment in HFSE relative to LILE and LREE may indicate within-plate processes. To examine the source characteristics, we produced a diagram in which two HFSE (i.e. Nb and Ta) are plotted against two LILE (Ba and Th), all normalized to PM values (Fig. 10b) . It should be noted that the concentrations of these elements can be variably affected by FC and AFC processes in intermediate to acid magma compositions. Therefore, only the trace element contents of the basaltic samples (the least evolved samples; MgO > 6Á5%) have been plotted in Fig. 10b . All of the basaltic samples have high LILE N / HFSE N (ranging from 2 to 10), plotting within the GLOSS field. This diagram also confirms that the Quaternary mafic lavas might have been derived from a mantle source enriched by a distinct subduction component. This observation is also consistent with the presence of a subduction signature that could be related to the addition of silicate melts, oceanic sediments and/or fluids derived from the sediments and/or Altered Oceanic Crust (AOC).
The slab component
The behaviour of the LILE, LREE and HFSE in the studied basalts as shown in multi-element diagrams (Fig. 6c) , as well as their LILE/HFSE ratios (Fig. 10b) , reflects the enrichment of their mantle source region with a subduction component. The isotope systematics of the basaltic samples are also consistent with this interpretation: both the basaltic samples and more evolved hawaiitic and mugearitic samples plot close to the EM-II mantle end-member and GLOSS composition in Pb isotope diagrams (Fig 7b and c) .
Previous studies have shown that a subduction component can be added to the mantle source via one of two processes: (1) it can be related to dehydration of altered oceanic crust (Tatsumi et al., 1986; Hawkesworth et al., 1997; Turner, 2002) and/or subducted sediments (Class et al., 2000; Elburg et al., 2002) ; (2) it can be related to the partial melting of oceanic crust and/or subducted sediments (Elliott et al., 1997; Hawkesworth et al., 1997) . Whereas some LILE such as Sr, Pb, Ba and Rb are highly mobile in the fluids derived from subducted sediments or AOC, Th, LREE (e.g. La, Ce and Pr) and Sr are mobile in partial melts of the subducted slab (i.e. sediments þ AOC) (Sheppard & Taylor, 1992; Hawkesworth et al., 1997; Elburg et al., 2002; Pearce et al., 2005) . Therefore, Rb/Th, Sr/Ce and other similar ratios should be higher in magmas derived from mantle enriched by slab fluids relative to those derived from mantle that was not subjected to such fluid enrichment. In contrast, the mantle source region was enriched by melts of the subducted slab or subducted sediments, then the magmas would have higher Th/Pb ratios and 87 Sr/ 86 Sr isotopic compositions and lower Sr/ Ce (<20) and Ba/La (<26) values (i.e. Sheppard & Taylor, 1992) relative to those derived from mantle sources enriched by fluids. The least evolved samples have relatively low values of Rb/Th (<10; minimum value 6), Sr/Ce (<20; minimum value 13Á2) and Ba/La (<26; minimum value 13Á2) in contrast to 87 Sr/ 86 Sr (>0Á7035; minimum value 0Á70396, maximum value 0Á70477), which displays high values. These observations imply the presence of a mantle source enriched predominantly by the melts from subducted sediments and AOC, rather than a mantle source enriched by fluids.
Another way of investigating the role of subduction components is the examination of the behaviour of LILE ratios (whether or not they are enriched in sediments or fluids) relative to the HREE, which are immobile in sediment melting and in fluids. If what was added to the mantle source was melts derived from subducted sediments or AOC, resulting in enrichment of the mantle source region, then the magmas derived from such a source would have higher LILE/HREE ratios (LILE are enriched in sediments; e.g. Th) relative to magmas that were not subject to such an addition. In contrast, if the mantle source region was enriched by fluids derived from a subducted slab, the resultant magmas would have higher LILE/HREE ratios (LILE are enriched in fluids; e.g. Ba) relative to those without such an enrichment. To test the nature of the subduction component in the mantle source, we designed an incompatible trace element ratio diagram in which Th/Yb ratios of the basaltic samples are plotted against their Ba/Yb ratios (Fig. 11a) . All of the basaltic samples plot on a mixing line between sediment melt (SM, obtained by 10% batch melting of GLOSS) and primitive mantle (PM) in Fig. 11a . Additionally, in a Th/La vs (Ce/Ce*) Nd diagram (Hastie et al., 2013, fig. 8a ), the samples fall on a subvertical trend corresponding to a mixture between GLOSS and PM-N-MORB (Fig. 11b) . This confirms that the mantle source region of the Quaternary mafic volcanism to the north of Lake Van has been enriched by melts derived from subducted sediments. We argue that these melts were not influenced by fluids from subducted slab or by melts from AOC. However, they might be slightly influenced by metasomatism related to the fluids derived from the subducted sediments because some of the data points of the basalts seem to slightly diverge from the main trend towards SF in Fig. 11a .
Magma generation and partial melting
Geophysical studies conducted to date in Eastern Anatolia have revealed that the lithosphere is extraordinarily thin in most parts (especially in the central part including the study area) of the region (i.e. only $70-75 km). Taking into account the fact that the crust ranges in thickness from 38 km (in the south) to 55 km (in the north) the thickness of the lithospheric mantle must vary between 20 and 25 km. These findings and the geochemical compositions of the least evolved basalt samples in the study area indicate that the magmas that fed the volcanism in Eastern Anatolia should have been derived from an enriched mantle source (asthenospheric and/or lithospheric) rather than a depleted mantle source such as the depleted mantle source of MORB. To illustrate the melting of a mantle type that might have produced the Quaternary basaltic magmas in the region, we used a Nb/Ta vs Zr/Nb diagram (Fig. 12) . HFSE and HREE are very useful for constraining the composition of the mantle prior to any enrichment process. Zr, Nb, Ta and Hf are immobile in subduction systems and hence are not enriched in the mantle wedge. Therefore, they reflect the composition of the mantle before any kind of enrichment process has significantly affected the mobile elements. We plotted six mantle compositions in the Nb/Ta vs Zr/Nb diagram (Fig. 12 ) together with our data: two primitive mantle compositions [proposed by Sun & McDonough (1989) and Palme & O'Neill (2004) ], OIB and MORB values from Sun & McDonough (1989) , and two depleted MORB compositions [the amphibole-rich, depleted MORB mantle of Ionov et al. (2002) and the depleted MORB mantle composition of Workman & Hart (2005) ]. The position of the data points for the Quaternary basaltic samples in this diagram suggests that these magmas are more likely to be derived from a primitive mantle (PM) composition than Taylor & McLennan (1985) , PM (Primitive Mantle) is from Sun & McDonough (1989) , AOC (Altered Oceanic Crust) is from Staudigel et al. (1996) . SM (sediment melt) was calculated by 10% batch melting of GLOSS from Plank & Langmuir (1998) and Plank (2014) . SF (sediment fluid) was calculated by 1% batch melting of GLOSS using the D values from Johnson & Plank (1999) . AF (AOC fluid) was calculated by 1% batch melting of AOC by using the D values from Brenan et al. (1994) . (b) (Ce/ Ce*) Nd vs Th/La after Hastie et al. (2013) . Shaded fields are from Hastie et al. (2013, fig. 8 ). SSC-HD, slow sediment clay-hydrogenous; SSC-FH, slow sediment clay-fish debris/hydrothermal. from any kind of OIB source or depleted mantle composition such as the source of MORB.
Residual minerals in the mantle source region
The question of whether or not garnet or amphibole/ phlogopite was present in the mantle source region of the Quaternary mafic volcanism can be examined by the behaviour of REE and incompatible trace element ratios for the least evolved basaltic lavas sampled. High LREE/HREE ratios, reflected by steeper chondritenormalized REE patterns, are regarded as an indication of the presence of garnet in the mantle source as a refractory phase, because the HREE are more strongly partitioned into garnet relative to the rest of the REE (McKenzie & O'Nions, 1991; Adam & Green, 2006) . La/ Yb ratios for the least evolved basaltic lavas vary between 3Á51 and 6Á28 (Fig. 6) . These values confirm that the source region of the alkaline basaltic lavas could have contained garnet. It should be noted that MREE/HREE (i.e. Dy/Yb) ratios may be regarded as a better indicator for the existence of garnet in the mantle source because the LREE enrichment that may occur in the presence of amphibole and/or garnet cannot easily be distinguished, as the presence of amphibole in the source can cause strong enrichment in LREE. Experimental studies (Blundy et al., 1998) suggest that basaltic magmas derived from a spinel lherzolite mantle source should have chondrite-normalized Dy/Yb ratios less than 1Á06. The (Dy/Yb) N (N indicates normalization to chondrite) ratios of our least evolved basaltic lavas range from 1Á19 to 1Á40, indicating that garnet should have been present in the mantle source of the Quaternary mafic magmas to the north of Lake Van.
If the mantle source region of the Lake Van basalts was enriched by melts and/or fluid derived from a subducted slab, amphibole and/or phlogopite should be present in the mantle wedge (Furman & Graham, 1999; Guo et al., 2006; Chang et al., 2009) . The question of whether or not amphibole and/or phlogopite was present in the mantle source region can be examined through the behaviour of the incompatible trace elements Ba and Rb in the basic lavas because these elements have different partition coefficients for amphibole and phlogopite. All of the studied basaltic samples have high Ba/Rb values (>17), and low Sr/Rb (<0Á02) and K 2 O/Na 2 O (<0Á17), indicating the melting of an amphibole-bearing mantle source free of phlogopite. To this end, we plotted the basaltic samples in a Ba/Rb vs Rb/Sr diagram (Fig. 13a) . The data points for the basaltic samples align along a trend subparallel to the horizontal axis represented by the Ba/Rb ratio, supporting a model that involves the existence of amphibole in the mantle source region rather than phlogopite. Both Rb and Ba have high partition coefficients for phlogopite, in contrast to the amphibole, which has moderate K d values for Rb, Ba and Sr (Adam et al., 1993; LaTourette et al., 1995; Furman & Graham, 1999) .
In their primitive mantle-normalized incompatible trace element patterns, all the Quaternary basaltic samples display positive Sr anomalies (Fig. 6c) , indicating that their mantle source region presumably contained calcic amphibole rather than K-richterite. Dawson & Smith (1982) and Harte (1987) proposed that ultrapotassic rocks such as lamproites and kimberlites usually contain K-richterite in their source, in contrast to alkali basalts and basanites, which contain calcic amphibole such as pargasite or kaersutite.
Variations in the incompatible elements Ba and Rb in the studied basaltic samples may alternatively be explained by the fractionation of amphibole during shallow magma chamber evolution. To test whether or not fractionation or source mineralogy was responsible for these variations, we plotted Ba/Rb versus MgO (wt %) and SiO 2 (wt %; not shown) (Fig. 13b) . None of the basaltic samples displays a good correlation between Ba/Rb and MgO (and also SiO 2 ), suggesting that residual amphibole in the mantle source region rather than amphibole fractionation should be responsible for the variations.
Partial melting
In Fig. 14 we illustrate the results of a melting model using the REE to reveal the nature of the mantle source region and the melting conditions of the studied samples. The REE are very useful in the determination of melting conditions and the degree of melting in the mantle source region that produces primitive basaltic melts. They also provide valuable information about the mineralogy and chemistry of the mantle source. If there was residual garnet in the mantle source, LREE/HREE and MREE/HREE ratios should increase with decreasing melting degree, because the HREE are strongly partitioned into garnet with respect to the MREE and LREE during the partial melting process. In contrast, if there was residual spinel in the mantle source, then the LREE/ HREE ratios would decrease with increasing melting degree, whereas the MREE/HREE ratios would remain nearly constant because both MREE and HREE are incompatible during the partial melting of spinelbearing mantle and MREE and HREE have similar and very low partition coefficients (D HREE $ 0Á01; D MREE $ 0Á01; McKenzie & O'Nions, 1991) . In light of the above, we plotted our basalt samples in a La/Yb vs Tb/Yb diagram (i.e. LREE/HREE vs MREE/HREE diagram) shown in Fig. 14 together with two mantle sources and seven source facies, each having a unique mineralogy and chemistry (Table 4) . Neither garnet-rich PM (and/or depleted MORB mantle; DMM) nor spinel-rich PM (and/or DMM) mantle compositions alone could produce compositions similar to those of the Quaternary basaltic lavas, because the data for our samples do not fall along the model curves for these source compositions. Notably, all of our basaltic samples plot on the melting curve of the amphibole-bearing garnet peridotite PM source, at melting degrees ranging between 3 and 4%. As discussed above, the partial melting model is consistent with the existence of both amphibole and garnet in the mantle source region.
The results discussed above indicate that an amphibole-bearing garnet peridotite lithology most probably represents the mantle source of the Quaternary mafic magmas erupted to the north of Lake Van. However, melts obtained from 3% melting of an amphibole-bearing garnet peridotite source show depletions or enrichments in some LILE and LREE vs Pb concentrations, relative to those of the studied samples (Fig. 15) . This observation raises the question of whether the mantle source was affected by an additional metasomatic component or not. The trace element characteristics of the mafic magmas suggest that their source was influenced by melts from subducted sediments and, to a lesser extent, by fluids derived from the sediments. This interpretation is supported by the distribution of the data for a subset of the basalts, Table 4 . Table 5 for an explanation of the modelling parameters.) Ionov et al. (2002) and Adam & Green (2006) . Source mode and melt modes for mantle peridotites are from the following sources:
1 Thirlwall et al. (1994) . Opx, orthopyroxene; Cpx, clinopyroxene; Gr, garnet; Amp, amphibole; Phl, phlogopite; Sp, spinel; DMM_WH, depleted MORB mantle of Workman & Hart (2005) ; DMM_I, depleted MORB mantle of Ionov et al. (2002) ; PM, primitive mantle of Sun & McDonough (1989) .
which plot between SM (sediment melt) and SF (sediment fluid) in Fig. 11a (SM and SF are inferred to be two important components that were added to the mantle source region). Consequently, we conclude that the Quaternary mafic magmas were the products of mixing of melts derived from both subducted sediments and an amphibole-bearing garnet peridotite source. To test whether or not the basalts represent a mixture of magmas derived from both subducted sediments and an amphibole-bearing garnet lherzolite mantle source, and to examine the relative contributions of these two components, we compared the average MORB-normalized multi-elements pattern of the least evolved basaltic samples with the trace element patterns obtained from the model melting curves (Fig. 15) . This approach allows us to compare the incompatible trace element composition of the original rock samples with the values we obtained from melting the assumed mantle source (Fig. 14) and the subducted sediment (Fig. 11a) . As discussed above, the results of our melting model (Fig. 14) indicate that the basaltic melts (i.e. the least evolved samples) could have been produced by melting of an amphibole-bearing garnet lherzolite source at a partial melting degree of about of 3%. Additionally, the mantle source region of the Quaternary magmas should also have been enriched by sediment melts, which were formed by 10% partial melting of the subducted sediments obtained from the modelling curves in Fig. 11a .
The MORB-normalized model that displays mixing between sediment melt (SM) and mantle melt (MM) is unable to reproduce the slightly negative Nb-Ta and, to a lesser extent, Zr-Hf anomalies of the basaltic samples. The presence of residual rutile and/or amphibole can play an important role in the formation of negative NbTa anomalies in partial melts of an enriched mantle source, but the effects on Zr and Hf will be more limited because Nb and Ta are more strongly partitioned into rutile than Zr and Hf. In addition, the existence of amphibole in the mantle source is considered to reflect the absence of fractionation between Zr-Hf and the MREE in the incompatible trace element patterns (Fig. 6 ) and the MORB-normalized model curves (Fig. 15 ). The melting model supports the presence of amphibole in the mantle source; hence, the negative Nb-Ta anomalies are probably related to the presence of residual rutile in the mantle wedge. Some experimental studies and model calculations have revealed that because the TiO 2 contents of basaltic melts are generally very low, rutile is not a residual phase in their mantle source region (Green & Pearson, 1986; Ryerson & Watson, 1987) . However, residual rutile has been directly observed in mantle xenoliths from Siberia (Ionov et al., 1999; Kalfoun et al., 2002) . Schiano et al. (1994 Schiano et al. ( , 1995 and Bodinier et al. (1995) also reported the presence of rutile in peridotite-melt systems under silica-rich conditions, based on experimental studies. Bulk sediment-melt partition coefficient for sediment melting from Johnson & Plank (1999) .
D mantle/melt and P mantle/melt represent the bulk partition coefficient values for the source and the melt modes respectively, used in the nonmodal partial melting model of the amphibole-bearing garnet peridotite in Fig. 14 . Bulk mantle-melt and source melt partition coefficients for mantle melting are from McKenzie & O'Nions (1991) and Adam & Green (2006) . Bulk partition coefficients for Nb, Ta, Hf and Zr E added to the mantle wedge as 0Á01% residual rutile are given in parentheses, with K d values for HFSE from Ayers (1998), Foley et al. (2000) and Schmidt et al. (2004) . Gó mez-Tuena et al. (2007) pointed out that when 0Á3% rutile was added to a mantle wedge that had previously been metasomatized by mantle melts and slab melts, strong negative Nb-Ta anomalies and, to a lesser extent, negative Zr-Hf anomalies would result. These studies suggest that the existence of rutile during partial melting could be responsible for the behaviour of the HFSE at upper mantle conditions. We therefore added rutile to our mantle source (source mode 0Á1% and melt mode 0Á01% rutile) to obtain the negative Nb-Ta and slightly negative Zr-Hf anomalies observed in the basaltic samples. It is suggested in Fig. 15 that 0Á01% rutile added to the melting column during the partial melting of an amphibole-bearing garnet lherzolite mantle source could account for the strong negative Nb-Ta and slight negative Zr-Hf anomalies, which characterize the least evolved samples from the north of Lake Van. This is consistent with the high Nb/Ta ratios (16Á5-21Á5) and relatively low Nb contents (6-8 ppm) of the studied basaltic samples.
Geodynamic implications
The Cenozoic post-collisional volcanism in the TurkishIranian plateau is conceived to be related to the dynamic evolution of the mantle, which uplifted the region after Eurasian-Arabian collision that terminated the subduction of the northern branch of the Neotethyan Ocean to the south. This continent-continent collision began during Early Miocene times (S¸engö r & Kidd, 1979) , following the elimination of the last oceanic lithosphere beneath Anatolia at about 20 Ma (Okay et al., 2010) . The source(s) and evolution of collision-related volcanism across the plateau post-dating this collision are still controversial. Although there are many studies on the geodynamics and petrogenesis of the widespread magmatism in the Turkish-Iranian plateau, the most important hypotheses are the following: (1) the delamination model, involving partial loss of the lower part of the subcontinental lithosphere in response to thickening owing to collision (Pearce et al., 1990; Keskin et al., 1998 Keskin et al., , 2006 ; (2) the slab--steepening and break-off model, involving rapid block uplift followed by widespread volcanism on the EAR (Keskin, 2003 (Keskin, , 2007 S¸engö r et al., 2003 .
More recently, Ö zdemir & Gü lec¸(2014) and Oyan et al. (2016) suggested a model for magma generation involving the interaction of melts derived from both lithospheric and asthenospheric mantle sources, following the removal of the lithospheric mantle beneath the region. A recent study on collision-related volcanism in SW Iran by Allen et al. (2013) revealed that the mantle source of the volcanism might be an amphibole-garnet peridotite containing rutile and titanite as accessory phases. Based on these findings, they suggested that the magmatism could have been generated by the partial melting of a lithospheric mantle source containing a metasomatic subduction component [possibly inherited from previous subduction events as suggested by Pearce et al. (1990) and Keskin et al. (1998) ]. Neill et al. (2013 Neill et al. ( , 2015 argued that the collision-related magmatism within the Lesser Caucasus might be linked to lithospheric detachment, whereas in Armenia it might be explained by the melting of the lower parts of the lithospheric mantle with limited crustal contribution.
Although all these models indicate a mantle source enriched by a subduction component, it is unclear which component(s) might have been involved to cause such enrichment. In a recent study, Oyan et al. (2016) proposed a petrogenetic model for the genesis of the Pliocene basaltic volcanism associated with the Etrü sk volcano. The Oyan et al. (2016) study suggested the derivation of melts during the Pliocene around the NE of Lake Van from a primitive mantle source enriched by '$2%' melts from subducted sediments.
When the geochemical evidence presented above is interpreted within the framework of the delamination model, we argue that the magmatic activity in this part of the EAR should be linked to collision tectonics during the period between the Miocene and Pliocene. It should be noted that the tectonic regime of Eastern Anatolia changed from compression to transtension during the Early to Late Pliocene interval (Koc¸yi git et al., 2001) . Provided that the Koc¸yi git et al. (2001) interpretation is viable, this sudden change might indicate the timing of the delamination event , or the timing of the steepening of the slab beneath the region (Keskin, 2003 (Keskin, , 2007 , possibly sometime during Pliocene times. If this interpretation is correct, then any volcanism in the region younger than Pliocene can be linked to post-collisional extension (or transtension) that continued to Quaternary times and even to the present day.
Recent seismic studies in the EAR have suggested that the lithospheric mantle is almost completely absent (Al-Lazki et al., 2003; Sandvol et al., 2003) beneath East Anatolia and that the crust has a thickness varying between $38 and 45 km . S¸engö r et al. (2008) proposed that a great portion of the crust in Eastern Anatolia is composed of an accretionary complex (i.e. the Eastern Anatolia Accretionary Complex; EAAC). Therefore, it has been assumed that upwelling asthenospheric mantle is very close to the surface, possibly directly under the EACC (Keskin, 2003 (Keskin, , 2007 S¸engö r et al., 2003 . However, Angus et al. (2006) and Ö zacar et al. (2008) argued that the lithosphere beneath the East Anatolia Region might have an average thickness of 70-75 km. These data indicate that the lithospheric mantle might have a thickness of only around 20-25 km; that is, it is extraordinarily thin.
Geochemical and petrological studies have shown that the contribution of melts derived from a lithospheric mantle source relative to asthenospheric mantle increases from Miocene to Quaternary times (Oyan, 2011; Ö zdemir, 2011; Keskin et al., 2013; Ö zdemir & Gü lec¸, 2014) . Experimental studies indicate that the transition from garnet to spinel occurs at a depth of $70-80 km (Green & Ringwood, 1967; Takahashi & Kushiro, 1983; Naemura et al., 2009; Fumagalli & Klemme, 2015) . When an $70-75 km thick lithosphere under the East Anatolia Region (EAR) is taken into consideration, an amphibole-bearing garnet peridotite source for the studied samples might have to be located somewhere in the transition zone between lithosphere and asthenosphere. Witt-Eickschen et al. (2003) reported that amphibole in lithospheric mantle xenoliths found in the basalts of the Central European Volcanic Province can be stable at temperatures up to 1030 C and pressures up to 2Á6 GPa. The stability field of amphibole in alkali basaltic melts ranges between 1 and 3 GPa (Wallace & Green, 1991; Niida & Green, 1999) .
Extraordinarily thin lithospheric mantle can be explained by either partial delamination of the lower lithosphere (Pearce et al., 1990; Keskin et al., 1998) or the 're-formation of the lithospheric mantle' by rapid cooling (i.e. below $1350 C) of upwelled asthenosphere along its contact with overlying crust (Keskin, 2007 , and references therein) after a slab-steepening and breakoff event (Keskin, 2003 (Keskin, , 2007 Şengö r et al., 2003 , possibly during Pliocene times . However, S¸engö r et al. (2008) were opposed to the reformation of the lithospheric mantle beneath the EAR because of their models indicating the thermal and temporal evolution of the lithospheric mantle.
In summary, our data support a model for the generation of the magmas that fed the Quaternary mafic volcanism to the north of Lake Van involving melting of a metasomatized lithospheric mantle source consisting of an amphibole-bearing garnet peridotite located at around the transition zone (i.e. a depth of 60-75 km under 2-3 GPa pressure) between the lithospheric and asthenospheric mantle. Our data indicate that the metasomatism of the mantle source was related to melts derived from subducted sediments.
CONCLUSIONS
Quaternary mafic volcanism to the north of Lake Van is associated with both discrete centres, such as the small Girekol shield volcano, and extensional fractures such as the Yü ksektepe and Ormuktepe and other discrete fracture systems from which small-volume volcanic products erupted. The volcanic rocks are basaltic, hawaiitic and mugearitic in composition. Our K-Ar dating results suggest that the mafic alkaline lavas were erupted in a period between the Late Calabrian and Middle Pleistocene (1Á0-0Á4 Ma). We divided the volcanic activity into three phases during the Quaternary: I, 1Á0-0Á9 Ma; II, $0Á6 Ma; III, $0Á4 Ma. Our petrological models based on Sr and Nd isotopic ratios and trace element compositions reveal that the assimilation of crustal material by the basaltic magmas was negligible, in contrast to the more evolved samples such as hawaiites and mugearites, which show moderate amounts of assimilation (2-4%). The thermal parameters and curves obtained from EC-AFC modelling show that the initial temperature of the crustal assimilant was probably around 300 C and that the magma chamber in which the hawaiitic and mugearitic lavas evolved might have been located at depths between 6 and 8 km.
Isotopic and incompatible trace element compositions indicate that the studied basaltic samples were derived from a mantle source, which had a clear subduction signature. This signature could be linked to the northward subduction of the northern branch of the Neotethyan Ocean beneath Anatolia. The results of incompatible trace element modelling indicate that the basaltic magmas were probably derived from a primitive mantle source, modified by small-degree ($10%) melts of subducted sediments. The results of our melting model based on REE systematics suggest the presence of both residual amphibole and garnet in the source, with a partial melting degree of $3%. Based on MORB-normalized incompatible trace element compositions, mixtures between a mantle melt (MM; 93%) and a sediment melt (SM; 7%) with 0Á01% residual rutile might be responsible for the formation of the least evolved magmas parental to the Quaternary mafic volcanism to the north of Lake Van.
